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Introduction
Demographic change affects economies in a multitude of ways. Aspects such as population size, age structure, and household formation can impact economic growth, the financial viability of social security systems, labour and capital markets, cross-border capital flows, sharing of GDP between working-age and retiree populations, income and wealth distribution, and households' consumption patterns. 1 Policy makers rely on demographic projections when designing economic policies. The projections they use are based on changes in population size and, to a lesser extent, age structure. Yet their projections frequently ignore changes in household formation, i.e., in the average number of household members. This is surprising given the sustained trend towards smaller-sized household units in many industrialized countries. Figure 1 displays this long-term secular trend for two sample countries, the United States (US) and Japan. Within less than a century , average household size in both countries decreased by about 2 members per family (from 4.4 to 2.6 members for the US and from 4.8 to 2.4 members for Japan).
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Figure 1 about here
Ignoring the trend towards smaller-sized household units may invalidate projections of householdsector demand for goods and services such as housing, transportation, durable goods, and energy. This is because multi-member households benefit from household economies of scale by sharing goods and services, 3 thereby reducing their per capita demand for living space and energy. In the presence of household economies of scale, the inter-temporal decline in average household size means a loss in average household economies of scale and, consequently, an increase in household-sector demand.
In this article, we suggest a two-step procedure to assess the impact of changes in household size on household-sector demand. In the first step, we use micro data on household demand and composition to estimate household economies of scale. In a second step, we combine our estimates with census data on population shares by household size. This allows us to quantify how the decline in average household size reduces household economies of scale across the entire economy and increases household demand.
Conceptually, our procedure builds on Ironmonger et al. (1995) and O'Neill and Chen (2002) , but differs in two important respects. First, we provide formal statistical tests of household economies of scale. Second, our study builds on panel data to identify household economies of scale, whereas Ironmonger et al. (1995) and O'Neill and Chen (2002) rely on a single cross-section of household micro data. Accordingly, the aforementioned authors cannot control for fixed effects, and they are only able to infer household economies of scale based on differences in household composition across household units.
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We apply the two-step procedure to household energy consumption in Japan. We find that the 5% decline in average household size during the period 2005-10 resulted in forgone household economies of scale equivalent to a 3.5% increase in household-sector energy demand. This relationship between average household size, household economies of scale, and household energy use has been largely overlooked in most previous projections of energy demand. Governments of industrialized countries including the US, Canada, Japan, Norway and countries in the EU tend to focus instead on GDP and population growth to forecast future household energy demand. 4 The remainder of the article proceeds as follows. Section 2 reviews the literature on residential energy demand. Section 3 introduces the concepts and procedures used in the identification of household economies of scale in energy use. Section 4 describes the data, their preparation, and the sample composition. Section 5 applies the proposed two-step procedure to household energy demand in Japan. Section 6 concludes.
Residential energy demand: A brief review of the literature
Despite the obvious link between average household size, household economies of scale, and household energy demand, a review of the literature reveals that household size has been considered in a very limited number of analyses to date. Interestingly, other demographic factors such as population size, age structure, and lifestyles are recognized as important determinants of energy demand and have been addressed in a number of studies.
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Relevant studies fall into three categories: (1) energy demand forecasts; (2) analyses of the relationship between demographic change and greenhouse gas (mainly CO 2 ) emissions, and (3) econometric investigations of the determinants of residential energy use (see OECD (2013) for an overview of the literature).
The first category of studies generally models and forecasts energy demand 6 using macro-economic data (see Suganthi and Samuel (2012) for a recent overview of the respective literature). The Residential Demand Module of the US National Energy Modeling System (NEMS), for example, includes projections of energy consumption. The Energy Consumption Component of the NEMS uses population size as an input to the model (EIA, 2013).
7 Shimoda et al. (2010) study population-wide averages of energy use for selected household types over time, and use these estimates for their projections. 4 See, e.g., http://www.eia.gov/forecasts/aeo/ (US); http://www.neb-one.gc.ca/clfnsi/rnrgynfmtn/nrgyrprt/nrgyftr/2013/nrgftr2013-eng.html (Canada); http://www.enecho.meti.go.jp/en/reports/ (Japan); http://www.ife.no/no/publications/2013/ensys/future-energy-demand-a-norwegian-overview (Norway); http://ec.europa.eu/energy/observatory/trends_2030/doc/trends_to_2030_update_2009.pdf (EU) (last accessed: 2015-03-31). 5 O'Neill et al. (2012) review studies that consider population size, age structure, and urbanization; for a recent analysis of the impact of population aging on energy use see, e.g., Garau et al. (2013) . Estiri (2014) shows that household characteristics have direct (energy-related behaviour) and indirect effects on energy consumption (choice of housing characteristics). 6 Modelling approaches include, e.g., input-output models, ARIMA models, bottom-up models such as MARKAL and soft computing techniques such as fuzzy logic and neural networks. 7 NEMS has a Macroeconomic Activity Module that distinguishes between three dwelling types in their projections for new and existing housing (single family, multiple families, mobile homes). Projections are based on the propensity of specific age-gender groups to form independent households (EIA, 2014).
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Studies in the second category relate to analyses of the so-called IPAT equation, the relationship between environmental impact (I) of human activities, population size (P), affluence (A), and technology (T). In the climate change literature, this is also known as the Kaya identity.
8 While earlier projections of future emissions only took population size into account, more recent studies also include demographic factors such as aging, urbanization, and changes in household size. However, most of these studies are cross-country analyses on the macro level (see O'Neill et al. (2012) for an overview), and thus cannot control for changes in household composition at the micro level. One exception is O'Neill and Chen (2002) . They analyze past residential and transportation energy use in the US for future projections. Their results indicate that ignoring changes in household size would have led to an underestimation of US energy demand between 1960 and 1993 by about 14%.
The third category comprises econometric investigations of the determinants of residential energy use. Most of the studies consider demographic characteristics as a control variable, but do not further investigate household economies of scale and the connection to the macro-level aggregate householdsector energy demand (see, e.g., Rehdanz, 2007 , Meier and Rehdanz, 2010 , or more recently Brounen et al., 2012 . Some studies, including Ironmonger et al. (1995) , Vringer and Blok (1995) , and Brounen et al. (2012) provide estimates of household economies of scale from cross-sectional household surveys, but again do not address the macro-level implications.
Household economies of scale: Definition and identification
Multi-member households can share goods and services (e.g., vehicles, appliances, housing) and thus benefit from household economies of scale.
In the literature, household economies of scale in consumption are frequently assessed using what is known as a general equivalence scale, S . A general equivalence scale indicates the change in overall household consumption as additional members are added to the household, holding constant the level of household material well-being. A one-member household, the so-called reference household, r , serves as the benchmark. If the general equivalence scale of a household is smaller than the number of household members, household economies of scale are achieved. The most common of these is the OECD equivalence scale (OECD, 2011) . It assigns a weight of 1.0 to the one-member reference household and an additional weight of 0.5 for each additional adult and 0.3 for each child. Accordingly, the equivalence scale for a household with one adult and one child is 1.3, and 2.1 for a two-adult household with two children.
We use the OECD equivalence scale in identifying total household expenditure, Exp , so as to ensure the same living standard across different household types, say types j and k : Typically, equivalence scales are quantified using estimates of household cost functions from demand systems. Household cost functions give the minimum expenditures required for a household with a particular demographic composition to attain a particular utility level at constant prices (see, e.g., Blundell and Lewbel, 1991, or Pashardes, 1995) . Demand systems reveal the shape of indifference curves but not the associated utility levels. For this reason, the indifference curves that guarantee an identical living standard for different household types remain unknown. To resolve this underidentification problem (Pollak and Wales, 1979) , the majority of the literature assumes cost functions across family types to be proportional with respect to income. This is the so-called "independence of base" (IB) (Lewbel, 1989) or "equivalence scale exactness" (ESE) assumption (Blackorby and Donaldson, 1993) . The OECD equivalence scale is of the IB/ESE-type.
Of course, many other general equivalence scales have been suggested in the literature. 9 It appears that the choice of the general equivalence scale affects the expenditure levels yielding the same living standard, i.e., the same equivalent expenditures, * Exp . Accordingly, the determination of household economies of scale is sensitive to the general equivalence scale that is used. However, it should be noted that our use of the OECD scale to identify household economies of scale in energy use does not conflict with our answer to the question of how the demographic trend toward smaller-sized household units changes energy demand in the household sector over time. This is because the change in energy demand does not depend on identifying an identical living standard across household types, 
Database and data preparation
We use the Keio Household Panel Survey (KHPS), which is representative of the Japanese population, conducted by Keio University. The first wave of the KHPS was conducted in 2004 and covered 4,005 households; the most recent wave was conducted in 2012. The usual sample size ranges between 3,000 and 3,500 households.
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The KHPS provides a variety of household-and personal-level information: household composition, income, expenses, assets, employment, school attendance, and lifestyle. Crucially for our analysis, it also provides household composition, total household expenditures, and aggregate expenditures on electricity, gas, water, and sewage. 11 Although the aggregate expenditures also include money spent on water and sewage, we will refer to these as energy-related expenditures.
12,13 Figure A1 in the Appendix provides wave specific histograms of energy expenditures. The histograms indicate that the distributions are close to the normal. Particularly left-censoring (at zero) does not seem to be an issue. 14 9 Lewbel and Pendakur (2007) and Schröder (2009) provide a review of the literature on equivalence scales. 10 On aspects of representativeness of data, see Kimura (2005) . For sample attrition in KHPS, see Miyauchi et al. (2006) , McKenzie et al. (2007) , and Naoi (2008) . 11 The data reflect monthly expenditures for one month, which in all cases is January. 12 For the years 2004 and 2005, expenditures on gas and electricity are reported as separate categories. Accordingly, it is possible to compute the expenditure share related to water and sewage in energy-related expenditures. Over the two years it is about 20%. 13 Previous studies on (pro-)environmental behaviour indicate that under-reporting of environmentallydamaging behaviour, response anomalies, and weak indicators (e.g., usage of plastic vs. cloth bags) may bias estimates of the environmental impact of household consumption/behaviour (Gatersleben et al., 2002, e. g., provide a literature review). However, energy expenditure, in our view, is a powerful indicator of the environmental impact of household consumption/behaviour as it seems unlikely that respondents associate low (high) reported expenditures with environmentally friendly (damaging) behaviour. This conjecture is substantiated by the empirical fact that average monthly energy expenditures reported in KHPS are very close to official numbers. For example, according to Statistics Bureau, Ministry of Internal Affairs and Communication average monthly expenditures of private households (with two or more members) amount to about JPY 26,000.
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In preparing our working sample, we excluded some KHPS households with incomplete information relevant to our analysis. Further, to prevent that outliers bias our estimates, we discarded the 1% of the households with the lowest and highest total and also energy-related expenditures.
Altogether, our unbalanced working sample comprises 21,469 observations from 5,152 household units. Table 1a gives the sample sizes by wave and household type. Altogether, eight household types are distinguished that will also be used later in the econometric analysis: childless adult ( 1 0 A C ); one adult with at least one child ( 1 1 A C ); two adults without children ( 2 0 A C ); two adults with one child ( 2 1 A C ); two adults with at least two children ( 2 2 A C ); three or more adults without children ( 3 0 A C ); three or more adults with one child ( 3 1 A C ); three or more adults with at least two children ( 3 2 A C ). Most households in our database are adult-only households. For example, from a total of 2,897 household units in 2010, more than 62% (1,817) come under the heading childless households (with one, two, or three or more adults). Except for single-parent households, the number of observations by household type and year usually exceeds 100, which should be sufficiently large to guarantee reliable estimates.
Our empirical analysis uses household fixed effects. The key coefficients (measuring household economies of scale in energy use and differences in energy expenditures) are identified from households that gain and lose members. One prerequisite is that enough households gain or lose members over time. For our working sample, Table 1b gives the transition probabilities of switching from one household type to another. Those household units are included for which we have at least two observations between 2004 and 2010. For example, take the entry 5.98 in row 1 0 A C , column 2 0 A C . It indicates that, over the observation period, a one-adult household without children has a 5.98% probability of becoming a two-adult household without children. As can be seen from the numbers on the diagonal, the majority of the households do not change type. At the same time, about ten to 32% of the households switch from one type to another, suggesting that there is sufficient variation in household composition at the level of each household unit to identify how changes in household size change energy-related expenditures.
Tables 1a and 1b about here
KHPS is based on stratified two-step random sampling. The stratification variables (region/city size) are not available in the data. However, the data provider gave us access to the households' city codes, the lowest level of stratification. In the econometric analyses below, these codes have been used to obtain standard errors robust to unknown heteroskedasticity.
Application of the framework

Energy expenditures by household type
For each household type introduced in Section 3, Figure 2 shows the relationship between per capita energy-related expenditures and equivalent total expenditures (total expenditures divided by the OECD scale). Each household type is depicted in a separate graph. Each graph provides the predicted per capita energy-related expenditures and its 95% confidence interval from a linear regression with equivalent total expenditures and squared equivalent total expenditures as explanatory variables.
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Expenditures are given in 1,000 Japanese Yen (JPY) per month at 2010 prices. 16 For the same year and household types, the KHPS average is about JPY 27,000 (http://www.estat.go.jp/SG1/estat/List.do?lid=000001063051, last accessed: 2015-3-03-13). 14 Furthermore, regression estimates from the linear regressions (see below) and Tobit estimates (results not shown) hardly differ. 15 The regression includes year dummies to control for period effects. The estimates are for the year 2010. 16 One US dollar is worth 97.43 Japanese Yen based on the average exchange rate for June 2013.
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Figure 2 about here
Fixing a particular level of equivalent total expenditure and then comparing the corresponding per capita energy-related expenditures across household types give us an initial idea of the role of household economies of scale in the use of energy. Take, for example, the childless single adult household type ( 1 0 A C ) with an equivalent income of 400,000 JPY as a benchmark. The respective energy-related expenditure is about 20,597 JPY. With the same equivalent income, a childless twoadult household ( 2 0 A C ) spends only about 14,580 JPY per capita on energy, a childless three-adult household ( 3 0 A C ) 11,279 JPY (-23%).
Fixing the number of household members and equivalent income sheds light on the different roles of adults and children in energy expenditures. The graphs suggest that energy-related expenditures are smaller for children than for adults. For example, consider again an equivalent income of 400,000 JPY. The energy-related expenditures of a childless three-adult household ( 3 0 A C ) are 11,279 JPY per capita and only 9,857 JPY for a two-adult household with one child ( 2 1 A C ; -13%). It is 9,788 JPY for a three-adult household with one child ( 3 1 A C ; -13%) and only 8,784 for a two-adult household with two children (or more) ( 2 2 A C ; -22%).
Estimation of household economies of scale (step 1)
Specification of regressions
Our econometric estimation of household economies of scale builds on fixed-effects estimations. The central distinction between the fixed-effects and the random-effects model is "whether the unobserved individual effect embodies elements that are correlated with the regressors" (Greene, 2003, p. 285) . If the error terms are correlated, then the random-effects model is not suitable since inferences may not be correct. We have used Hausman tests to see whether the fixed effects are correlated with the regressors. 17 All test statistics favour the use of the fixed-effects model. We have also tested whether time fixed effects are needed in the fixed-effects model. Joint tests of whether the dummies for all years are jointly equal to zero are rejected for all regression specifications. Accordingly, the regressions always include period dummies, DP .
Our regression analysis builds on three functional forms. The first functional form is 6 , , , To check for robustness, we fitted functional forms (2), (3), and (4) using two different sets of variables contained in the vector i,t X . In the baseline specification (S1), i,t X is empty. In the second specification (S2), the vector i,t X comprises interactions between the demographic dummy variables and total expenditures. The regression coefficients pertaining to the interactions indicate how the role of demographic characteristics for energy-related expenditures changes with total expenditures.
Controlling for period effects and the variables contained in i,t X , we can take the estimated coefficients pertaining to household demographics to estimate the energy equivalence scales of different household types. More specifically, the energy equivalence scale of a household type j is the ratio of energy-related expenditures of household type j and energy-related expenditures in the one-member reference household, r , evaluated at the same level of equivalent expenditures (defined by the OECD equivalence scale), as defined in Equation (1). Household economies of scale are achieved if , energy j j S n .
Results
Results from fixed-effects regressions are summarized in Tables 2, 4 , and 6. Standard errors reported allow for intragroup correlation (i.e., intra-strata correlation). Complementary test statistics on the equality of demography-related regression coefficients appear in Tables Table 2 contains the results from equation (2) (the number-of-members functional form). We comment on the basic specification (S1) first. The regression constant (the coefficient 1 from equation (2)) and the coefficient for energy-related expenditures describe the energy-related expenditures of the one-member household. Apparently, energy-related expenditures are rather inelastic: when non-energy related total expenditures increase by 100 JPY, only 0.7 JPY are related to energy. 19 Compared to the one-member household, further members joining the household unit make for higher energy-related expenditures. 20 This can be seen from the positive coefficients for the DN dummy variables. However, energy-related expenditures stop rising with the sixth household member. More members than that do not change energy-related expenditures. It is also interesting to note that the second household member increases expenditures by a smaller amount than the first, the third by a smaller amount than the second, and so on. For example, the coefficient pertaining to the second member (4.925) (third member is 3.014) is only about one-third (one-fifth) of the first (constant is 13.209). These figures indicate substantial household economies of scale that are also increasing with the number of household members.
In addition to the basic specification, specification (S2) also includes interaction terms between the demographic dummy variables and total expenditures. The respective regression coefficients are all insignificant, suggesting that an additional household member raises energy-related expenditure by the same absolute amount for both rich and poor households. This implies that multi-member households with low total expenditures (income) spend a higher fraction of their available resources on energy than multi-member households with high total expenditures (income). 19 We have also tested more flexible specifications for the relationships between energy-related expenditures and total expenditures. For example, we have included higher polynomials of total expenditures. However, the associated regression coefficients usually turned out to be insignificant. 20 In their descriptive analysis for Japan, Fong et al. (2007) find supporting evidence for the positive relationship between energy consumption and household size.
Based on specification (2), we have tested for differences in the regression coefficients for the demographic dummy variables. For example, we have investigated whether the regression coefficient related to the dummy for the one-member household, 1 , differs statistically from the coefficient that relates to the two-member household, 2 , whether 2 differs statistically from 3 , and so forth. The test statistics are summarized in Table 3 . They indicate a significant drop in energy-related consumption (rising household economies of scale) for each additional household member up to a household size of three. For households larger than six members, the coefficients are not different from zero. In addition, we have compared the probability distribution of observed and estimated energy expenditures by plotting their quantiles against each other ( Figure A2 in Appendix). In general, we slightly overestimate (underestimate) low (high) levels of energy expenditures. However, the differences are, in our view, quantitatively small. Table 4 shows the results from equation (3) (functional form distinguishing between adults and children). The regression results convey three general messages. First, the presence of one additional adult increases energy-related expenditures more than an additional child. Second, in terms of energyrelated expenditures, a second adult is less costly than the first, a third is less costly than the second, and so forth, while the costs for the first, second, and third child do not differ systematically. These conclusions are supported by the formal statistical tests shown in Table 5 . Interactions between total expenditures and demographics are again insignificant or small, and the general relationships between household composition and energy-related expenditures are robust across the regression specifications.
Table 3 about here
Tables 4 and 5 about here
Finally, Table 6 contains the results from equation (4) (functional form distinguishing by type of household), while Table 7 summarizes formal tests for the equality of regression coefficients. The results clearly indicate that energy expenditures are usually driven by the presence of adult household members. For a fixed number of adults, children tend to have little effect on the household-typerelated energy expenditures. The only exception is the one-adult household with children. Here we find a prominent rise in energy expenditures due to the presence of children. Tests on the differences between child-related energy expenditures in one-, two-, and three-adult households are provided in Table 7 . For the first child, energy-related expenditures are significantly higher in one-adult than in two-or three-adult households. In two-and three-adult households, differences in energy-related expenditure caused by children are insignificant at the 5% level.
Tables 6 and 7 about here
Based on the regression estimates from equation (4) we proceed with the quantification of household economies of scale for energy based on the energy equivalence scale defined in equation (1).
Figure 3 summarizes our results in eight separate graphs, one graph per household type excluding the one-member reference type. 21 A graph provides energy equivalence scales evaluated at different levels of equivalent expenditures. In sum, household economies of scale play a significant role in households' energy consumption. As an example, a childless two-adult household requires about 1.4 times the energy-related expenditures of a one-member household. Adding further members leads to a further increase of household economies of scale: the energy equivalence scale of a childless threeadult household is only about 1.7. Another apparent pattern is that adding children to a household unit increases the energy equivalence scale by a smaller amount compared to adding an adult household member. These patterns hold for all levels of equivalent expenditure as household economies of scale in energy consumption exhibit little variation in equivalent expenditures.
Figure 3 about here
Linking the micro with the macro level (step 2)
We proceed with the second step of our analysis, the quantification of impact of the decline of average household size (see Figure 4) on the household sector's energy consumption, holding all other determinants constant.
Figure 4 about here
To do so, we take the regression estimates from the household size regression for energy (Table 2, During the period 2005-10, the average size of a household in Japan decreased from 2.55 to 2.42 members (see Figure 1 ). This is a relative decrease of 4.9%. In the same period, the census data indicate an increasing proportion of the population living in households with up to three children and a decreasing proportion living in households with four or more members (see Figure 4) . These demographic changes, in isolation, imply a loss of household economies of scale amounting to a 3.5% rise in energy demand for the residential sector.
The household-level predictions of energy demands in a particular year can be averaged over all household observations on a particular household size. This average, n Exp , reflects demand in a representative household of a particular type. Weighting these averages with the shares of the population living in a household type of particular size n , n p , adding up these numbers and multiplying the result by the total population size, P , is a reasonable approximation of assessing how changes in the relative proportions of the population living in households of a particular size change aggregate energy demand in the residential sector, Table 8 . 
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Population size is a crucial demographic variable in predictions of future pathways of economies. Usually ignored in these predictions is the composition of the population by household types, with types being defined by the number/age of household members. The present work has proposed a twostep procedure to first quantify the level of household economies of scale and second to assess how the trend toward household types with fewer members affects aggregate household-sector demand. We apply the framework to energy consumption in Japan. Using micro data on household demands and composition, our application indicates that household economies of scale in energy use are substantial. Combining our estimates with census data on population shares by household size, it indicates that ignoring changes in the population shares by household types may lead to sizeable biases in economic projections. For household energy consumption in Japan, the 5% decline in average household size between 2005 and 2010 implies an economy-wide loss in household economies of scale of almost 4%. This is the direct effect of forgone intra-household sharing potentials due to the trend towards smaller-sized household units and energy demand in the household sector. Demographic change may, of course, have other long-lasting implications for the whole economy, and these will again be echoed in aggregate energy demand. This issue is not addressed here but left for future research.
Note. Data from the Statistics Bureau of Japan (census data) and the US Census Bureau. Solid line: Japan. Dashed-dotted line: US. Table 1a . Number of observations by wave and household type 
